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Objectives. The purpose of the present study was to investigate 
how loading conditions and regional nonuniformity affect left 
\'entricular relaxation in dilated cardiomyopathy. 
Background. Left wntricular relaxation is impaired in dilated 
cardiomyopathy. It has been suggested that relaxation abnormal-
ity is related to loading conditions and regional non uniformity in 
the diseased heart. 
Methods. Left wntriculography with simultaneous pressure 
manometry was performed in 10 patients with dilated cardiomy-
opathy before and during nitroprusside infusion. Ten normal 
subjects served as a control group. Left ventricular hemodynam-
ics, regional wall motion (assessed by the area method) and 
regional wall stress (Janz method) were analyzed. 
Results. When compared with control subjects, the patients 
with dilated cardiomyopathy had a reduced left \'entricular ejec-
tion fraction (p < 0.01) and prolonged relaxation time constants 
(p < 0.01). Left ventricular wall motion was both hypokinetic and 
asynchronous in the patient group. In addition, systolic regional 
Left ventricular relaxation is impaired in dilated cardiomy-
opathy (1-3), a disease in which impairment of cardiac 
performance is associated with pathologic changes of the 
myocardium (4-6). It has also been shown that left ventric-
ular regional hypokinesia (7,8) can be caused by excessive 
regional afterload as well as by depressed contractility (9). 
Such unfavorable events of afterload and. regional wall 
dynamics may influence left ventricular relaxation because 
relaxation is also affected by loading conditions (10-14) and 
by the regional nonuniformity of the ventricle (10,15-18). 
Although left ventricular pump performance is improved by 
adequate vasodilator therapy (19) in many patients with 
dilated cardiomyopathy, it is still uncertain whether modifi-
cation of the regional myocardial load affects regional 
dynamics and thus improves left ventricular relaxation in 
these patients. 
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wall stress was significantly greater, the time to peak wall stress 
was longer and the regional myocardial relaxation time constant 
was greater for each \'entricular area assessed in the patient group 
(each p < 0.01). Administration of nitroprusside reduced left 
wntricular pressure and increased ejection fraction in the 10 
patients with dilated cardiomyopathy. For each region, systolic 
regional wall stress and the time to peak wall stress decreased, and 
both regional hypokinesia and asynchrony lessened. These 
changes in loading conditions and regional nonuniformity were 
accompanied by an improvement in both regional and global 
ventricular relaxation that was significant, particularly during the 
early to midrelaxation phase when regional asynchrony was 
greatest. 
Conclusions. These results suggest that myocardial relaxation 
is sensitive to loading conditions and regional nonuniformity in 
dilated cardiomyopathy and that load reduction can improve both 
relaxation and systolic performance of the left ventricle. 
(J Am Coli CardioI1992;20:1082-91) 
To investigate these issues, we assessed left ventricular 
performance after performing left ventriculography with 
simultaneous pressure micro manometry before and during 
sodium nitroprusside infusion in patients with dilated cardio· 
myopathy. Because left ventricular relaxation is influenced 
by the nonuniformity of regional wall dynamics, it too should 
be analyzed on a regional basis. In this study, therefore, 
regional myocardial load and relaxation were assessed from 
values for regional wall stress (9,20-22). 
Methods 
Patient group. The study group consisted of 10 patients 
with dilated cardiomyopathy and 10 normal subjects. Each 
subject underwent diagnostic cardiac catheterization. The 10 
patients with dilated cardiomyopathy (six patients in New 
York Heart Association functional class II and four in class 
III) were diagnosed on the basis of clinical, echocardio-
graphic (23) and cardiac catheterization findings and from 
the results of endomyocardial biopsy (9,24). None of the 10 
patients with dilated cardiomyopathy had a history of hyper-
tension or angiographic evidence of significant coronary 
artery stenosis. None had mitral regurgitation, mural throm-
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bus or pericardial effusion. All were receiving digitalis and 
diuretic drugs, but none had been treated with vasodilators 
or other inotropic agents before the study. The IO normal 
control subjects underwent catheterization as part of an 
evaluation of chest pain. None had I) significant valvular or 
congenital heart disease, 2) a past history of myocardial 
infarction, 3) coronary artery lesions (each subject had a 
normal coronary arteriogram and negative ergonovine test 
results), or 4) abnormal left ventricular pressure, end-
diastolic volume or ejection fraction. Atypical chest pain 
was diagnosed in all IO subjects. Every control subject and 
every patient with dilated cardiomyopathy was in normal 
sinus rhythm, and none had left or right bundle branch block 
on the electrocardiogram (ECG). The study protocol was 
found to be ethical and approved by our department; written 
informed consent was obtained from each participant. No 
complication occurred as a result of the study. 
Cardiac catheterization and left ventriculography. Diag-
nostic cardiac catheterization was performed with use of the 
femoral approach while patients were in the fasting state, 
30 min after oral premedication with 5 mg of diazepam (9). 
All other medications were withheld for at least 24 h before 
cardiac catheterization. InitiallY, right heart catheterization 
was performed and cardiac output was measured with a 7F 
Swan-Ganz catheter. Then left heart catheterization was 
performed with an 8F high fidelity micromanometer-tip 
angiographic catheter (Millar Instruments). The microman-
ometer system was calibrated before insertion; during mea-
surement, its output was adjusted to the fluid-filled pressure 
with zero reference at the mid-chest level in the supine 
position. After aortic and left ventricular pressures were 
recorded, left ventriculography was performed in the 30° 
right anterior oblique projection at 60 frames/s by injecting 
35 to 45 ml of nonionic contrast solution at IO to 15 mils. 
With the Millar micromanometer-tip angiographic catheter 
positioned in the middle of the left ventricle, left ventricular 
pressure was recorded during left ventriculography on an 
oscillographic recorder (Electronics for Medicine VR-12) 
and a magnetic tape data recorder, along with the ECG and 
an event marker indicating the exposure of each cine frame. 
In the patients with dilated cardiomyopathy, sodium 
nitroprusside was administered intravenously with an infu-
sion pump at least IO min after hemodynamic conditions had 
returned to the baseline values obtained before left ventric-
Ulography. Infusion was begun at 0.3 f.tg/kg per min, and the 
rate was increased in steps of 0.2 f.tg/kg per min, if neces-
sary. The mean decrease in left ventricular peak pressure 
was 25 mm Hg. Then the infusion rate was kept constant and 
left ventriculography was repeated. Pressures were recorded 
simultaneously as for the first study. Special attention was 
paid to avoiding hypotension and to keeping the patient's 
body and X-ray equipment in the same position. Magnifica-
tion and peripheral distortion of the ventriculographic im-
ages were corrected by using a calibration grid positioned at 
the level of the left ventricle. 
Coronary angiography was performed with the Judkins 
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technique after left ventriculography. In patients with dilated 
cardiomyopathy, left and right ventricular endomyocardial 
biopsy samples were obtained from the posterior wall of the 
left ventricle and the right side of the interventricular sep-
tum. The histopathologic findings of the biopsy specimen 
were similar in the IO patients, showing disarrangement and 
deformation of myocardial fibers, interstitial edema and 
fibrosis. They were compatible with dilated cardiomyopathy 
(24). 
Hemodynamic data analysis. Left ventricular pressure 
was digitized at 5-ms intervals, and its first derivative (dP/dt) 
was obtained by digital differentiation of the pressure data. 
The time constants ofleft ventricular pressure decrease were 
calculated from the digitized data obtained during the iso-
volumetric relaxation period. The time constant T p was 
obtained by a monoexponential curve fit with the zero 
pressure asymptote (25). The time constant T D was obtained 
by a monoexponential curve fit with the variable pressure 
asymptote and was derived from the regression of dP/dt 
versus time (14). The isovolumetric relaxation period was 
defined in this study as the interval between the peak 
negative dP/dt and mitral valve opening. Mitral valve open-
ing was confirmed by the appearance of a nonopacified blood 
jet through the mitral valve on the left ventriculogram. The 
correlation coefficients for calculating the time constant 
were >0.986 for control subjects and >0.970 for patients 
with dilated cardiomyopathy. These values are thought to 
exceed the critical limit (26) for the use of a monoexponential 
curve fit to calculate the time constant. In addition, the time 
constant during the first 40 ms after peak negative dP/dt (T1) 
and that during the 40 to 80 ms after peak negative dP/dt (T2) 
were calculated by using biexponential fitting (27). 
Regional wall motion analysis. The left ventricular en-
docardial and epicardial contours in the right anterior 
oblique projection were digitized frame by frame throughout 
one cardiac cycle. Ectopic beats and postextrasystolic beats 
were excluded. Both the intraobserver and the interobserver 
variability of this method for ventriculographic data acqui-
sition were acceptably small (9). 
Regional wall motion was analyzed by the area method, 
as previously described in detail (9,28). In brief, the left 
ventricular silhouette in the right anterior oblique projection 
was divided into eight areas by one long axis joining the 
midportion of the aortic valve plane and the ventricular apex 
and three perpendicular short axes spaced at equal intervals. 
The eight areas thus obtained were designated as areas I to 
8 in the clockwise direction from the anterior to inferior 
regions. The two most basal areas (areas I and 8) were 
excluded. When the area method is used to analyze regional 
wall motion, the most crucial issue is the determination of 
ventricular apex. In the present study, the apex was first 
determined by computer-processing in the digitized ventric-
ular silhouette of each frame as the point along the endocar-
dial contour that was farthest from the midpoint of the aortic 
valve plane, and the long axis was defined as described 
earlier. Then the process~d images of the ventricular· silhou-
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Table 1. Hemodynamic Variables 
Patients With Dilated 
Control 
Cardiomyopathy 
Subjects (n = 10) 
(n = 10) Baseline Nitroprusside 
Age (yr) 50:!: 8 48:!: 10 
HR (beats/min) 71 :!: 11 66:!: 7 72 :!: 10§ 
L VPSP (mm Hg) 130:!: 18 137 :!: 21 112 :!: 19~ 
L VEDP (mm Hg) 7:!:2 14 :!: 7* 9 :!: 3~ 
Peak +dP/dt (mm Hg/s) 1,585:!: 209 1,048:!: 237* 988 :!: 257* 
Peak -dP/dt (mm Hg/s) 1,765 :!: 212 1,178 :!: 20S* 1.124 :!: 23S* 
LVEDVI (mlfm2) 77 :!: 12 130:!: 18* liS :!: IS*~ 
LVEF(%) 66:!: 4 34 :!: 6* 40:!: 7** 
Tp (ms) 36 :!: 7 54:!: 10* 46:!: 8** 
TD (ms) 51:!: 10 85:!: 16* 70:!: 13** 
TI (ms) 40:!: 6 64 :!: 13* 52 :!: 11** 
T2 (ms) 32 :!: 8 45 :!: II' 41 :!: lit 
*p < 0.01, tp < 0.05 versus control subjects. ~p < 0.01, §p < 0.05 
versus baseline values. All values are mean values:!: SD. HR = heart rate; 
L VEDP = left ventricular end-diastolic pressure; LVPSP = left ventricular 
peak systolic pressure; -dP/dt and +dP/dt = negative and positive first 
derivative of left ventricular pressure, respectively; T D and T p = time constant 
with variable and zero asymptote, respectively; TI and T2 = time constant 
during 0 to 40 and 40 to 80 ms after peak negative dP/dt, respectively. 
ette with its long axis were superimposed frame by frame on 
a screen and reviewed by visual inspection to avoid devia-
tion of the long axis due to any artifact. 
Each area was computerized and smoothed by the 
method of Savitzky and Golay (29). To evaluate left ventric-
ular regional shortening, the percent area change was de-
rived as follows: Percent area change = (End-diastolic area 
- End-systolic area) . lOO/End-diastolic area. 
Regional wall stress and its time constant. Regional wall 
stress was calculated for each frame of the left ventriculo-
gram by the modified Janz formula (9,20-22). Intracavitary 
pressure was assumed to be equal within the left ventricle. 
The calculated stress values were smoothed by using the 
same technique as the area calculation just described. 
The time constant of regional wall stress decrease during 
isovolumetric relaxation was calculated for each area as the 
negative reciprocal of the slope of the regression line be-
tween time and the natural logarithm of stress (21,22). The 
correlation coefficients for the calculation of the regional 
time constants were >0.95 in the control group and >0.93 in 
the dilated cardiomyopathy group; these values are consid-
ered to be within the acceptable limits (21) for the use of 
monoexponential fitting. To assess regional difference in the 
time constant of stress decrease, the coefficient of variation 
for the time constants in the six areas of the left ventricle was 
calculated in each subject (22). 
Analysis of time intermls and regional asynchrony. For 
each area of the left ventricle, the time interval from peak 
negative dP/dt to the time corresponding to minimal regional 
area was determined and termed the time to minimal area 
(ms). It is positive when regional shortening ends beyond 
peak negative dP/dt, whereas it is negative when regional 
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shortening ceases prematurely before peak negative dP/dt. 
Because the heart rate was not constant between the base-
line and nitroprusside recordings, the time to minimal area 
was also normalized by the RR interval of the EeG and was 
expressed as percent RR interval. Then to evaluate asyn-
chrony of the left ventricular regional wall motion quantita-
tively, the standard deviation for the time to minimal area in 
the six ventricular areas was calculated for each subject and 
termed asynchrony index. Because this index represents the 
degree of regional dispersion of the time when the regional 
area becomes minimal, an increase in this index indicates a 
wide regional variation in the time to minimal area, implying 
regional asynchrony. The time interval from end-diastole to 
peak regional wall stress (time to peak stress) was also 
obtained for each area and was normalized by the systolic 
interval (from end-diastole to end-systole). 
Statistical analysis. Values are expressed as the mean 
value ± I SD. Analysis of variance was employed for statis-
tical comparisons. A paired t test was used to analyze 
differences between the baseline and nitroprusside data for 
the patients with dilated cardiomyopathy. A probability 
value <0.05 was considered significant. 
Results 
Hemodynamics and left ventricular global function (Table 
1). Heart rate and left ventricular peak systolic pressure did 
not differ significantly between the control subjects and the 
patients with dilated cardiomyopathy, whereas left ventric-
ular end-diastolic pressure was elevated and both peak 
positive and peak negative dP/dt were decreased in the 
patient group (p < 0.01 vs. control group). Left ventricular 
end-diastolic volume index was greater and the ejection 
fraction was smaller in the patients than in the control 
subjects (p < 0.01). Time constants were significantly longer 
(Tp 54 ± 10 vs. 36 ± 7 ms, TD 85 ± 16 vs. 51 ± 10 ms, both 
p < 0.01) in the patients than in the control subjects. The 
partial time constants T\ and T2 were also prolonged (T1 64 
± 13 vs. 40 ± 6 ms, T2 45 ± 11 vs. 32 ± 8 ms, both p < 0.01) 
in the patient group. 
During nitroprusside administration in the patients with 
dilated cardiomyopathy, left ventricular peak systolic pres-
sure decreased by an average of 25 mm Hg (19% decrease 
from baseline pressure, p < 0.01) and end-diastolic pressure 
decreased by 5 mm Hg (p < 0.01), whereas the peak positive 
and peak negative dP/dt did not change significantly from 
baseline. Heart rate increased slightly but did not differ 
significantly from that in control subjects. Left ventricular 
end-diastolic volume index decreased significantly from 
baseline and ejection fraction increased from 34 ± 6% to 40 
± 7% (p < 0.01). The time constants improved significantly 
during nitroprusside infusion (T p from 54 ± 10 ms to 46 ± 
8 ms; To from 85 ± 16 ms to 70 ± 13 ms, both p < 0.01). 
Figure 1 shows representative tracings of left ventricular 
pressure and dP/dt in a patient with dilated cardiomyopathy. 
The negative dP/dt upstroke pattern was convex-downward 
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Figure 1. Representative tracings of left ventricular pressure (LVP) 
and its first derivative (dP/dt) at baseline (top) and during nitroprus-
side infusion (bottom) in a patient with dilated cardiomyopathy. 
During nitroprusside infusion, the left ventricular pressure de-
creased and the atrial kick became less prominent. Note the change 
in the negative dP/dt upstroke pattern (arrows): the downward 
convexity of negative dP/dt became less pronounced during nitro-
prusside infusion. cine marker = an event marker indicating the 
exposure of each cine frame; ECG = electrocardiogram. 
in the baseline recording. Although there was no significant 
change in the amplitude of peak negative dP/dt, the negative 
dP/dt upstroke pattern became less convex-downward dur-
ing the nitroprusside infusion. The change in the negative 
dP/dt upstroke pattern was reflected by the changes in the 
partial time constants T1 and T2• Constant T1 improved 
significantly from 64 ::!: I3 ms to 52 ::!: II ms (p < 0.01) during 
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nitroprusside infusion, whereas the changes in T2 were slight 
and insignificant (from 45 ::!: 11 ms to 41 ::!: 11 ms). These 
results indicate that the improvement of relaxation by nitro-
prusside infusion occurs mainly during the early to midre-
laxation phase in dilated cardiomyopathy. 
Regional wall dynamics (Tables 2 and 3). The percent area 
change was significantly smaller for each area of the left 
ventricle in patients with dilated cardiomyopathy than in 
control subjects (p < 0.01). Regional wall stress was higher 
in the patients than in the control group, both at its peak and 
at end-systole (p < 0.01). The time to peak stress was 
prolonged in the patients (p < 0.01 vs. the control subjects). 
Also, the time constant for isovolumetric regional wall stress 
decrease was significantly greater for each area in the group 
with dilated cardiomyopathy than in the control group . 
Furthermore, the coefficient of variation for the regional 
time constants in the six ventricular areas was significantly 
greater in the patients than in the control subjects (9.6 ::!: 
3.4% vs. 6.6 ::!: 2.0%, p < 0.05), reflecting regional difference 
of relaxation rate in dilated cardiomyopathy. 
Administration of nitroprusside significantly improved 
the percent area change in patients with dilated cardiomy-
opathy. Both peak and end-systolic regional wall stress 
decreased significantly but remained higher than in control 
subjects (p < 0.05). The time to peak stress also decreased 
significantly, indicating that peak stress occurred earlier 
after nitroprusside administration. 
The regional time constant was decreased significantly for 
each ventricular area by nitroprusside infusion. Figure 2 
shows plots of regional wall stress during isovolumetric 
relaxation in ventricular areas 2 (anterior region), 4 (apical 
region) and 6 (inferior region), both at baseline and during 
nitroprusside infusion in a patient with dilated cardiomyop-
athy. In this patient, there was nonuniformity of the regional 
time constant at baseline. After nitroprusside, the regional 
time constant decreased and its nonuniformity was im-
proved. Eight of the 10 patients with dilated cardiomyopathy 
showed a reduction in the coefficient of variation for the 
regional time constants in the six ventricular areas after 
nitroprusside infusion (from 10.3 ::!: 3.5% to 6.5 ::!: 2.4%, p < 
Table 2. Regional Wall Motion, Wall Stress and Time Constant in 10 Control Subjects 
Regional Wall Stress 
Area Change 
(kdynlcm2) 
t-peak u (% of Tst 
(%) Peak ES systolic interval) (ms) 
Area 
2 51 :!: 9 302 :!: 78 143 :!: 41 28 :!: 6 38 :!: 5 
3 50:!: 7 358 :!: 88 158 :!: 46 28 ± 6 38 ± 6 
4 52 :!: 8 293 :!: 97 94:!: 37 26:!: 6 38 :!: 5 
5 59:!: II 219:!: 78 87 ± 45 25 ± 5 38 ± 9 
6 52 :!: 9 371 :!: 96 174:!: 70 26 :!: 5 37 :!: 5 
7 50:!: 8 389 :!: 98 202 ± 74 28:!: 5 35 ± 5 
Area change = percent area change from end-diastole to end-systole; ES = end-systole; t·peak u = time interval 
from end-diastole to peak regional wall stress expressed as a percent of the systolic interval; Tst = regional time 
constant for decrease in wall stress. 
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Table 3. Regional Wall Motion, Wall Stress and Time Constant in 10 Patients With Dilated Cardiomyopathy 
Regional Wall Stress (kdynlcm!) 
t-peak u 
Area Change (%) Peak ES (% of systolic interval) Tst (ms) 
Baseline Nitro Baseline Nitro Baseline Nitro Baseline Nitro Baseline Nitro 
Area 
2 21 ± 5* 27 ± 9*,1 574 ± 100* 423 ± IOOt,1 299 ± 65* 202 ± 47*,1 49 ± 6* 38 ± 7*,1 54 ± 11* 46 ± 8t,1 
3 22 ± 8* 30 ± 9*,1 665 ± 132* 484 ± IIIt,1 353 ± 73* 225 ± 65*,1 51 ± 8* 38 ± 5*,1 55 ± 13* 46 ± 9t,j: 
4 23 ± 7* 33 ± II*,§ 532 ± 154* 4[6 ± [06t,j: 273 ± 89* 170 ± 67*,1 47 ± 9* 38 ± 7*,§ 56 ± 14t 48 ± \3t,§ 
5 27 ± 8* 36±13*,§ 470 ± [55* 347 ± 85tJ 205 ± 98* 142 ± 48*,j: 42 ± 7* 38 ± 8*,§ 56 ± [ot 49 ± 10t,§ 
6 30 ± 7* 35 ± 6*,1 674 ± 195* 471 ± 120t,j: 338 ± 127* 255 ± 77*,1 46 ± 7* 40 ± 9*,§ 53 ± 7* 48 ± 10t,§ 
7 27 ± 5* 31 ± 5*,1 749 ± 202* 523 ± 132t,j: 402 ± 111* 280 ± 80t,1 48 ± 9* 41 ± 8*,§ 53 ± 9* 47 ± II*,§ 
*p < 0.01, tp < 0.05 versus values in control group (see Table 2). 1p < 0.01, §p < 0.05 versus baseline values. Nitro = nitroprusside; other abbreviations 
as in Table 2. 
0.05), although the remaining two patients with relatively 
small coefficient of variation values at baseline did not. 
Regional asynchrony. The asynchrony index was 49.6 ±. 
9.1 ms (5.4 ± 1.3% of the RR interval) in patients with 
dilated cardiomyopathy. This index was significantly greater 
(p < 0.01) than that in control subjects (19.8 ± 7.5 ms, 2.3 ± 
0.9% of the RR interval). Nitroprusside administration re-
duced significantly the asynchrony index from 49.6 ± 9.1 to 
29.8 ± 9.0 ms (3.6 ± 1.2% of the RR interval, p < 0.01 vs. 
baseline values) in the patient group (Fig. 3). This finding 
indicates an improvement of asynchronous regional shorten-
ing. The favorable effect of nitroprusside is also demon-
strated in Figures 4 and 5. The left and middle panels of 
Figure 4 depict left ventricular regional wall motion in areas 
3 (anterior), 5 (apical) and 7 (inferior) in a patient with dilated 
cardiomyopathy. At baseline (left panel), regional wall short-
ening ceased earlier in area 3 than in the other areas, 
whereas late systolic shortening occurred after end-systole 
in area 5. This result indicates the occurrence of regional 
asynchrony near end-systole. In addition, late systolic 
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lengthening followed by early diastolic shortening (indicated 
by two downward arrows in the left panel) were noted in 
area 3, which was also observed in certain ventricular areas 
of some other patients with dilated cardiomyopathy. By 
nitroprusside infusion (middle panel), the temporal scatter of 
the time of minimal regional area was decreased. Figure 5 
compares the mean values and standard deviations for 
regional area changes in the ventricular areas with the 
earliest occurrence of end-shortening and in those with the 
latest occurrence of end-shortening at baseline, and also 
shows their changes for the same ventricular areas during 
nitroprusside infusion. At baseline (left panel), the time 
interval between the earliest and latest regional end-
shortening, during which regional asynchrony was pro-
nounced, was considerably prolonged. During nitroprusside 
infusion (right panel), the extent of regional shortening was 
increased, and the time interval between the end-shortening 
was decreased. 
The right panel of Figure 4 demonstrates the phase-plane 
plots of left ventricular pressure versus dP/dt during isovol-
Area 6 
baseline: Tst=60 msec 
nitroprusside: Tst=55msec 
... 
• 
Figure 2. Plots of regional wall 
stress decrease during isovolu-
metric relaxation in area 2 (ante-
rior region), area 4 (apical region) 
and area 6 (inferior region) at 
baseline (dots) and during nitro-
prusside infusion (squares) in a 
patient with dilated cardiomyopa-
thy. Regional wall stress is shown 
as the logarithmic scale on the 
ordinate, and the elapsed time 
from peak negative first derivative 
of left ventricular pressure 
[( - )dP/dtj is shown on the ab-
scissa. End-systolic wall stress 
was decreased and the time con-
stant for isovolumetric wall stress 
decrease (Tst) was improved by 
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 nitroprusside infusion. The re-
gional difference in the time con-
stants at baseline (Tst = 72, 80 
and 60 ms, respectively) was less-
ened by nitroprusside infusion 
(Tst = 55, 53 and 55 ms, respec-
tively). 
Elapsed time from peak(·}dPldt (msec) 
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Figure 3. Changes in the asynchrony index before and after nitro-
prusside infusion in 10 patients with dilated cardiomyopathy. Nitro-
prusside administration significantly decreased the asynchrony in-
dex from 49.6 ± 9.1 ms (5.4 ± 1.3% of the RR interval) to 29.8 ± 
9.0 ms (3.6 ± 1.2% of the RR interval). The mean and the range of 
1 SD are also shown by the open circles and nrtical error bars. 
umetric relaxation with insets of the negative dP/dt pattern. 
At baseline, the left ventricular pressure-dP/dt relation de-
viated from a linear relation. During the early to midrelax-
ation phase, in particular, the slope of the pressure-dP/dt 
relation was less steep, reflecting a slower decrease of the 
negative dP/dt, which is the primary cause of the downward 
convexity of the negative dP/dt upstroke pattern. It is during 
this period that asynchronous regional wall motion is great-
est, as shown in the left panel. With nitroprusside infusion, 
a more linear pressure-dP/dt relation was restored, and its 
slope became steeper as regional asynchrony improved 
(middle panel). The negative dP/dt upstroke pattern became 
less convex-downward. 
Discussion 
The presence of a left ventricular relaxation abnormality 
in patients with dilated cardiomyopathy is well recognized 
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(1-3). In this study, we also observed that peak negative 
dP/dt was decreased and time constants were prolonged in 
these patients. Furthermore, visual inspection revealed a 
convex-downward negative dP/dt upstroke pattern (Fig. I). 
Nitroprusside infusion significantly improved the relax-
ation time constants. The negative dP/dt upstroke pattern 
became less convex-downward (Fig. I), a change that was 
reflected by the difference of the changes in the partial time 
constants TI and T2• The improvement in T, was significant 
and greater than that in T2 (Table I). Thus the improvement 
of relaxation process was particularly pronounced during the 
early to midrelaxation phase. 
Load-sensitive regional myocardial relaxation. On a re-
gional basis, the time constant for a decrease in regional wall 
Figure 4. Left and middle panels. Plots of left ventricular regional 
wall motion for areas 3 (anterior), 5 (apical) and 7 (inferior) in a 
patient with dilated cardiomyopathy. Cine frame counts and time 
from end-diastole are on the abscissa and the time of peak negative 
first derivative of left ventricular pressure (dP/dt) is depicted by a 
nrtical dotted line. The time of the minimal regional area is indicated 
by an arrowhead for each region. At baseline (left paneI), regional 
wall shortening stopped earlier in area 3 than in the other areas, 
whereas late systolic shortening occurred beyond end-systole in 
area 5, thus scattering the values for the time to minimal area-an 
indication of regional asynchrony. During nitroprusside infusion 
(middle paneI), regional wall shortening was increased and asyn-
chronous wall motion was lessened. Abnormal biphasic wall motion 
(downward arrows in the left panel) was also observed from late 
systole to early diastole in area 3 at baseline but disappeared during 
nitroprusside infusion. This change was accompanied by a signifi-
cant decrease in the regional time constant from 77 ms to 67 ms in 
area 3. Right panel, Phase-plane plots of left ventricular (LV) 
pressure versus dP/dt (at IO-ms intervals) and the negative dP/dt 
upstroke pattern (small arrow) in the same patient. At baseline (solid 
line), the negative dP/dt upstroke pattern was convex-downward 
and the pressure-dP/dt relation was nonlinear. During nitroprusside 
infusion (dotted line), the deformation of the negative dP/dt upstroke 
pattern was lessened and a more linear relation was restored 
between pressure and dP/dt. See text for further explanations. 
-dP/dt = negative dP/dt; MVO = mitral valve opening. 
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Figure 5. Plots of the regional area changes in the 
ventricular areas with the earliest occurrence of 
end·shortening (closed circles, solid lines) and the 
latest occurrence of end-shortening (open circles, 
dashed lines) in 10 patients with dilated cardiomy-
opathy. In each of the 10 patients, an area where 
the time to minimal area was the smallest (that 
is, the earliest occurrence of end-shortening) and 
another area where the time to minimal area was 
the greatest (the latest occurrence of end-
shortening) were selected from the 6 ventricular 
areas at baseline. Then the means and standard 
deviations for the time and regional area 
(normalized by the end-diastolic area [EDA]) in 
both ventricular areas were respectively derived 
at end-diastole (0 ms), peak negative first deriv-
ative of left ventricular pressure [( - )dP/dt] and 
0:: ot 
0 100 200 300 400 
1 
500 
l' mitral valve opening (MVO) as well as at end-
'---l....10-0--2..L.00--30L..0--4....10-0--5..LJOO shortening (closed squares). At baseline (left 
panel), the time interval between the earliest and 
latest regional end-shortening was prolonged, 
during which asynchronous wall motion was pro-
nounced. During nitroprusside infusion (right 
pane!), the extent of regional shortening was 
increased, and the time difference of the end-
shortening was decreased for the same ventricu-
lar areas. 
ot 
0 
Time (ms) 
stress during isovolumetric relaxation was significantly 
greater in patients with dilated cardiomyopathy than in 
control subjects (Tables 2 and 3, Fig. 2), indicating that 
regional relaxation is impaired in dilated cardiomyopathy. 
Nitroprusside administration significantly decreased the re-
gional time constant for each ventricular area (Table 3). The 
mechanism by which regional relaxation is improved by load 
reduction is speculative. The biochemical process of relax-
ation begins even while contraction of myocardium is pro-
ceeding, and the systolic myocardial load, acting as a "con-
traction load," can modulate the relaxation process (10-14). 
In patients with dilated cardiomyopathy, the systolic wall 
stress is elevated and the time to peak stress is prolonged 
(Table 3); both of these factors increase the systolic myo-
cardialload. Such a pronounced increase in myocardial load 
will prolong the development of myocardial force by main-
taining the interaction between the contractile elements and 
intracellular calcium (10). In addition, myoplasmic caJcium 
sequestration is impaired in dilated cardiomyopathy (30,31), 
decreasing the rate of relaxation process. Thus, both an 
excessive contraction load and impaired myoplasmic cal-
cium sequestration may be responsible for the impairment of 
regional relaxation in dilated cardiomyopathy. During nitro-
prusside infusion, systolic wall stress was reduced and the 
time to peak stress was decreased for each ventricular area 
(Table 3). Hence, nitroprusside administration can decrease 
the excess contraction load, thereby improving myocardial 
relaxation. It has also been reported that relaxation was still 
load-sensitive in papillary muscles from rats with heart 
failure (32). 
Other factors that influence myocardial relaxation. Both 
myocardial contractility and heart rate may affect relaxation 
(12,14,17,25). However, nitroprusside infusion is not consid-
ered to alter myocardial contractility (Table 1), and changes 
in the heart rate seem to be too small to explain entirely the 
improvement in relaxation. In the patient in Figure 1, 
relaxation was improved even when the heart rate did not 
increase after nitroprusside infusion. Nitroprusside also re-
duces left ventricular preload. However, the dependency of 
relaxation on preload is controversial, and one study (33) 
suggests that relaxation may not be influenced by preload 
itself unless a change in preload is accompanied by a 
concomitant change in afterload. Another possible mecha-
nism for the improvement of relaxation may be the elastic 
recoil of the ventricle (34). With nitroprusside infusion, left 
ventricular end-systolic volume was decreased and the ex-
tent of global and regional shortening was increased in 
patients with dilated cardiomyopathy (Tables 1 and 3). These 
changes may accompany the restoration of recoiling force of 
the ventricle and may contribute to the improvement of both 
relaxation and early filling. In the present study, the im-
provement of regional percent area change by nitroprusside 
was >7% (mean of all areas) in 32 regional areas (group 1), 
whereas it was <7% in the remaining 28 areas (group 2). A 
mean value for percent improvement of the regional relax-
ation time constant by nitroprusside tended to be greater in 
the group 1 than in group 2 regions (14% vs. 10% of baseline 
value). However, there were considerable variations in the 
percent improvement of the regional time constant in each 
group, and the difference was not significant. The role of the 
elastic recoil seems to be significant when the ventricle 
contracts to an end-systolic volume below the equilibrium 
volume (35), and in the dilated, failing heart, little elastic 
energy would be stored during the process of contraction 
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(34). Thus the significance of recoiling has not yet been well 
established in conditions with a dilated, failing ventricle such 
as dilated cardiomyopathy. 
Regional asynchrony in dilated cardiomyopathy. Previous 
studies (4,7-9) have shown the presence of regional wall 
motion abnormalities in patients with dilated cardiomyopa-
thy. In addition to regional variation in the degree of 
hypokinesia (9), regional asynchrony may be present in 
dilated cardiomyopathy (36,37). In the present study, we 
used the standard deviation for the time to minimal area in 
the six areas of the left ventricle to evaluate regional 
asynchrony. This asynchrony index was greater in patients 
with dilated cardiomyopathy than in control subjects, indi-
cating that left ventricular regional wall motion is highly 
asynchronous in dilated cardiomyopathy. 
Regional wall motion is determined by both contractility 
and loading conditions of regional myocardium. In dilated 
cardiomyopathy, the regional differences in myocardial con-
tractility probably exist because of an inhomogeneous dis-
tribution of cardiomyopathic lesions (4,38). Left ventricular 
regional systolic wall stress was markedly elevated in pa-
tients with dilated cardiomyopathy (Table 3). Under such 
conditions, regional afterload mismatch occurs and can lead 
not only to regional hypokinesia (9) but also to regional 
asynchrony. Regional wall shortening ceased early before 
end-systole in some areas of the left ventricle (Fig. 4 and 5), 
whereas it was sustained after end-systole in other areas. 
When regional wall stress was decreased by nitroprusside 
infusion, regional shortening was increased (Table 3), and 
the temporal variation of the end of regional shortening also 
improved, as demonstrated by the reduction of the asyn-
chrony index (Fig. 3). The observed improvement in regional 
asynchrony was achieved without substantial changes in the 
peak positive dP/dt in this study (Table I). Thus, it is 
reasonable to attribute the improvement of regional hypo-
kinesia and asynchrony to the reduction in regional afterload 
and to suggest that regional nonuniformity, such as asyn-
chrony, is closely related to loading conditions in dilated 
cardiomyopathy. 
Asynchrony and left \'entricular relaxation. In the present 
study, the regional time constant was both prolonged and 
nonuniform (Fig. 2), and the coefficient of variation for this 
constant in the six ventricular areas was increased at base-
line in patients with dilated cardiomyopathy. Although the 
cause of such non uniformity of myocardial relaxation is 
unclear, it is possible that asynchronous wall motion itself 
involves impaired relaxation in the corresponding ventricu-
lar region. For example, in the patient in Figure 4, the 
regional time constant was 77 ms for area 3, where asyn-
chronous biphasic wall motion was found, and this value was 
much greater than those of the other areas (62 ms in area 5 
and 66 ms in area 7). Nitroprusside infusion lessened asyn-
chronous wall motion and reduced the regional time constant 
from 77 to 67 ms in area 3. Figure 2 also shows a decreased 
difference among regional time constants after nitroprusside 
infusion. Such a decrease in nonuniformity of regional 
HA Y ASHIDA ET AL. 1089 
RELAXATION IN DILATED CARDIOMYOPATHY 
relaxation was evidenced by the decrease in the coefficient 
of variation for the regional time constants in 8 of the 10 
patients with dilated cardiomyopathy. 
The improvement in regional asynchrony can be associ-
ated with an improvement of both regional and global left 
ventricular relaxation. The negative dP/dt upstroke pattern 
was convex-downward and the left ventricular pressure-
dP/dt relation was nonlinear at baseline (Fig. 1 and 4). In 
particular, during the early to midrelaxation phase, the 
negative dP/dt downward convexity was prominent and the 
slope of the pressure-dP/dt relation was less steep. Such 
events of left ventricular relaxation corresponded to the 
occurrence of the asynchronous regional wall motion (Fig. 
4). It is well known that asynchronous regional wall motion 
impairs left ventricular relaxation and changes the negative 
dP/dt upstroke pattern in coronary artery disease (16,39). 
Simultaneously with the decrease in regional asynchrony 
by nitroprusside infusion, the negative dP/dt upstroke pat-
tern deformation was lessened and the pressure-dP/dt rela-
tion became more linear and steeper (Fig. 4), which was 
consistent with the predominant improvement in T •. These 
changes during early to midrelaxation may also be respon-
sible for the changes in the time constants T P and T D (Table 
I) and indicate the improvement in global left ventricular 
relaxation. Thus, regional asynchrony can be considered to 
be one factor that influences left ventricular relaxation in 
dilated cardiomyopathy. Early diastolic asynchrony proba-
bly causes the nonuniform force decay in regional myocar-
dium, which may alter the time course of global left ventric-
ular pressure decrease during isovolumetric relaxation. 
Load reduction leads not only to a decrease in contraction 
load for individual myocardial fibers but also to a modifica-
tion of regional nonuniformity, both of which contribute to 
the improvement of left ventricular relaxation. 
Limitations of the study. Our results should be consid-
ered in the light of two methodologic limitations. I) The 
method of Janz (20) was developed originally to be applied to 
an axis-symmetric body, and the left ventricle may not be 
strictly axis-symmetric around its long axis. To determine 
whether the method of Janz can be applied to an actual left 
ventricle without serious error, we compared the stress 
values calculated by this method with those calculated by 
the noncircular cylinder method (40). This comparison was 
made for the basal regions of both end-diastolic and end-
systolic left ventricular silhouettes. In the basal regions of 
the ventricle (areas 2 and 7), there was good agreement 
between stress values by the two methods: the mean errors 
between the two methods were 10% for control subjects and 
8% for patients with dilated cardiomyopathy. We therefore 
consider that the Janzmethod can be used to assess the basal 
region of the left ventricle even if it is not strictly axis-
symmetric around the long axis. We assumed in the present 
study that the results of this comparison for the basal regions 
could be extrapolated to the middle and apical regions 
because there is no good reference model for comparison 
with regard to these regions. This issue needs to be explored 
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further, and more practical methods for calculating regional 
stress should be developed. 2) To calculate regional wall 
stress, left ventricular pressure was measured in the midpor-
tion of the ventricle. However, recent studies (41) have 
suggested that regional differences in diastolic pressure exist 
within the left ventricle, and such pressure heterogeneity 
would influence the regional relaxation rate and therefore its 
nonuniformity. In addition, load reduction can bring about a 
rearrangement in the interaction between the left and right 
ventricles (42) and a variation of pericardial restraint (43), 
both of which have been proposed to affect the left ventric-
ular diastolic pressure-volume relation (3,44). 
Conclusions. In the present study, modification of re-
gional myocardial load and improvement of regional asyn-
chrony by load reduction improved left ventricular regional 
and global relaxation in patients with dilated cardiomyopa-
thy. This result suggests that myocardial relaxation is sensi-
'tive to loading conditions and regional nonuniformity in 
dilated cardiomyopathy. Therefore, load reduction therapy 
can improve not only left ventricular systolic performance 
but also left ventricular relaxation, both of which are ex-
pected to improve the clinical manifestation of dilated car-
diomyopathy. 
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